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http://dx.doi.org/10.1016/j.jmii.2013Background: Rapid and accurate discrimination of Mycobacterium avium from other mycobac-
teria is essential for appropriate therapeutic management and timely intervention for infec-
tion control. However, routine clinical identification methods for M. avium are both time
consuming and labor intensive. In the present study, matrix-assisted laser desorption ioniza-
tion time-of-flight mass spectrometry (MALDI-TOF MS) was used to identify specific cellular
protein pattern for rapid identification of M. avium isolates.
Methods: A total of 40 clinically relevant Mycobacterium strains comprising 13 distinct species
were enrolled for the MALDI-TOF MS identification. A 10-minute extraction-free examinationstitute of Medical Biotechnology and Laboratory Science, Chang-Gung University, 259 Wenhua 1st
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Rapid identificationprocedure was set up to obtain mass spectral fingerprints from whole bacterial cells.
Results: The characteristic mass spectral peak patterns in the m/z (mass/charge ratio) range
of 5e20 kDa can be obtained within 10 minutes. The species-specific mass spectra for M. avium
is identified and can be differentiated from as Mycobacterium strains. This technique shortens
and simplifies the identification procedure of MALDI-TOF MS and may further extend the myco-
bacterial MALDI-TOF MS database.
Conclusion: Simplicity and rapidity of identification procedures make MALDI-TOF MS an attrac-
tive platform in routine identification of mycobacteria. MALDI-TOF MS is applicable for rapid
discrimination of M. avium from other Mycobacterium species, and shows its potential for clin-
ical application.
Copyright ª 2013, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. All rights
reserved.Introduction
Mycobacterium avium represents one of the main agents
causing mycobacterial diseases other than tuberculosis and
leprosy.1 Besides pulmonary, soft tissue, and lymph node
infections,2 recent findings indicate that it also causes hy-
persensitive pneumonitis-like disease.3 Although the risk of
healthy individuals infected by M. avium is regarded as low,
the prevalence is increasing in immunodeficient patients
such as those with HIV infection.2
Many different laboratory methods have been developed
for rapid identification of M. avium from other NTMs,
including serological test detecting the sugar residue com-
positions of surface glycopeptidolipids,4,5 high-performance
liquid chromatography (HPLC) analysis of mycolic acid,6
multilocus enzyme electrophoresis,7,8 Gen-Probe assay,9
and 16S rRNA-based analysis.10 More recently, polymerase
chain reaction-based rapid identification methods were also
described.10e12 We have previously used the fluorescein-
labeled antibody combined with fluorescence-activated
cell sorting for rapid identification of clinically significant
Mycobacterium strains to the genus level, including
M. tuberculosis and some NTM strains.13 However, some
potential drawbacks still exist, especially in being unable to
differentiate mycobacterial species due to the lack of a
species-specific antibodies.
Bacterial identification based on peptide spectra ob-
tained by matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF MS) shows
advantages.14 It allows rapid identification of the protein
profile directly from intact and lysed bacteria,14e16 and is
widely used in bacterial identification, including staphylo-
cocci,15 Haemophilus,17 Helicobacter, and Campylobacter
spp.18 MALDI-TOF MS also examines bacteria from blood
culture positive broth samples almost in real-time.19,20
MALDI-TOF MS was previously tested to identify Myco-
bacterium species, including multiple strains of individual
species.20e22 However, so far there was no extensive com-
parison study of detecting M. avium from clinical isolates.
The present work aimed to evaluate the potentiality of
using MALDI-TOF MS as a tool for rapid identification of
clinical M. avium from other commonly isolated Mycobac-
terium species. We have developed a 10-minute samplepreparation and identification procedure, without further
extraction, from the whole bacterial cells of clinically
relevant mycobacteria in a total of 40 Mycobacterium
strains and 13 Mycobacterium species. We have established
an M. avium-specific spectrum profile that is capable of
accurately discriminating other clinical Mycobacterium
strains. MALDI-TOF MS displays great potential as a power-
ful tool for rapid identification of clinical isolates of
M. avium.Methods
Mycobacterial strains and culture media
The mycobacterial strains used in this study were cultured
on LowensteineJensen medium (L-J medium; BD Difco).
Strains tested comprised 28 M. avium (including one stan-
dard strain M. avium ATCC 700736 and 27 other clinical
isolates), three nonpigmented, slow-growers (M. tubercu-
losis H37Rv ATCC 27294, Mycobacterium nonchromogenium
JATA 45-01, and Mycobacterium intracellulare JATA 52-01),
two slow-growers, pigmented under light (Mycobacterium
simiae KK 44-02 and Mycobacterium kansasii KK 11-05),
four slow-growers, pigmented without light (Mycobacte-
rium scrofulaceum JATA 31-01, Mycobacterium gordonae
JATA 33-01, Mycobacterium flavescens JATA 67-01, and
Mycobacterium szulgai JATA 32-01), and three rapid-
growers (Mycobacterium phlei KK65-01, Mycobacterium
fortuitum JATA 61-01, and Mycobacterium chelonae JATA
62-01).23 All bacterial strains were obtained from the
Department of Laboratory Medicine, National Taiwan
University Hospital (Taipei, Taiwan). All M. avium isolates
were initially identified by conventional physiological and
biochemical methods. Isolates were further confirmed as
M. avium by gas chromatographyemass spectrometry24 and
by polymerase chain reaction and restriction fragment
length polymorphism analysis of hsp65, a species-specific
stress protein gene of Mycobacterium species.25 Final
confirmation of M. avium was achieved by hybridization
with nucleic acid probe complementary to the rRNA of the
M. avium (AccuProbe Culture Confirmation kit for M. avium,
Gen-Probe).
Figure 1. Evaluating the effects of culture medium, incubation time, and independent sources on the MALDI-TOF MS spectrum
pattern of Mycobacterium avium. (A) Spectra obtained from M. avium ATCC 700736 and L-J medium. (B) Independent batch
analysis of M. avium ATCC 700736 spectra. (C) Spectra of M. avium ATCC 700736 from indicated culture time. L-J
medium Z LowensteineJensen medium; MALDI-TOF MS Z matrix-assisted laser desorption ionization time-of-flight mass
spectrometry.
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A single bacterial colony was harvested and dispersed in
200 mL of sterile deionized water (HPLC-grade), washed
three times, resuspended with 1 mL sterile deionized
water, and finally stored at 20 C for use. Prior to analysis,
aliquots of the bacterial suspensions were serially diluted
with distilled deionized water from McFarland 0.001e1,
and then sonicated on ice by sonicator for 1 minute
(Microson XL2000). Subsequently, a 4 mL aliquot of the
matrix solution, a saturated solution of a-cyano-4-
hydroxycinnamic acid (4-CHCA; SigmaeAldrich) dissolved
in 70% acetonitrile with 0.01% trifluoroacetic acid (TFA;
Janssen), was mixed with 4 mL bacterial suspension,followed by depositing on a 5 mm diameter stainless steel
probe tip and modestly pipetting. Solvents were then
removed by drying the samples in a vacuum chamber.MALDI-TOF MS analysis
All mass spectra were collected on a home-built delayed
ion-extraction linear time-of-flight mass spectrometer
(Bruker Daltonics) with an ion flight path of 2.2 m and an
acceleration voltage of 20 kV. The laser source employed in
generating MALDI is a Continuum Minilite neodymium-
doped yttrium aluminum garnet laser system operated at
355 nm. The incident laser beam was attenuated to
Table 1 The Mycobacterium avium-specific spectrum of
MALDI-TOF MS analysis
No. of peaks m/z
1 5370
2 5690
3 7260
4 7670
5 8110
6 8310
7 10,305
8 10,710
9 11,330
10 11,560
11 12,450
12 12,360
13 13,960
14 15,530
15 16,150
16 16,760
MALDI-TOF MS Z matrix-assisted laser desorption ionization
time-of-flight mass spectrometry.
208 C.-S. Lin et al.20 mJ/pulse and focused onto the sample-covered stainless
steel probe at 45; the power density was kept just above
the ion generation threshold by adjusting the distance from
the focusing lens to the sample target. A triple micro-
channel plate (MCP) assembly was used for ion detection.
Mass spectra were averaged with a LeCroy 9314 digital
oscilloscope at its maximum sampling rate of 100 Ms/s over
500 individual laser shots, followed by baseline correction
and smooth using a fast Fourier transform filter.26 Mass
calibration is achieved by first examining the spectrum
containing a series of incrementally protonated cytochrome
c molecular ions with a four-parameter calibration equa-
tion,26 m/zZ A  (TOF)2 þ B  (TOF) þ C þ D  (TOF)1/2.
Accurate mass assignment to at least four intense peaks
arising from the sample cells could thus be made from the
sample containing the internal calibration standard. Mass
calibration is then transferred to the second mass spectrum
of the pair, in which all mass peaks are ascribed to the
sample cells contents. Independent calibration files were
generated for each microbe sample and for each duplicate
run performed on different days. The employment of
4-CHCA as the MALDI matrix provides a convenient advan-
tage for its tendency to generate multiple charged peaks
that could be applied to evaluate the precision of the mass
calibration outcome.
Results
Consistency of M. avium MALDI-TOF MS pattern
To establish the standard MALDI-TOF MS spectrum profile
for M. avium, a single colony from M. avium ATCC 700736
cultured on L-J medium plate was directly harvested andFigure 2. MALDI-TOF MS spectrum profiles obtained from Myco
indicated clinically relevant M. avium (No. A11-1, A16-1, A21, 31-1
the common spectrum peaks (1e16) of M. avium clinical isolates.
MALDI-TOF MS Z matrix-assisted laser desorption ionization time-oserially diluted in HPLC-grade deionized water, disrupted
by sonication, and mixed with matrix solution. The mixed
solution, without further protein extraction, is then applied
to MALDI-TOF MS analysis. As shown in Fig. 1A, the minimum
inoculum that could acquire abundant mass spectral
information is 6  105 colony-forming units/mL, and the
examination time could be shortened to 10 minutes,
thereby efficiently reducing the time of identification. Thebacterium avium clinical isolates. The spectrum patterns of
, 33, 49, 61, and 115), respectively. The broken lines represent
The m/z signals of spectrum peaks are summarized in Table 1.
f-flight mass spectrometry.
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substantial number of peaks between 5 kDa and 20 kDam/z
(Fig. 1A). By contrast, the peaks observed in the M. avium
sample were not detected in L-J medium (Fig. 1A), indi-
cating that the medium has no effect on the spectrum
profile obtained from M. avium. Furthermore, the patterns
from three independent samples were compatible (Fig. 1B),
suggesting that the MS spectrum profile of M. avium is
reproducible.
As different cultivation times might result in a distinct
metabolism profile, we therefore evaluated the spectrum
profile of M. avium ATCC 700736 on L-J medium plate with
different culture period ranging from 2 weeks to 9 weeks.Figure 3. MALDI-TOF MS spectrum patterns obtained from other c
Mycobacterium species with different growth rates and pigment
light, (B) slow-grower and pigmented under light, (C) slow-growe
represent the spectrum peaks obtained from Mycobacterium avi
ionization time-of-flight mass spectrometry.Mass profiles from different cultivation periods show
consistent patterns (Fig. 1C), suggesting that the culture
time fails to interfere with the mass profiles of M. avium.
Briefly, our established method efficiently shortens identi-
fication time and is capable of detecting consistent pattern
of the MALDI-TOF MS spectral profile of M. avium.Identification of M. avium-specific MALDI-TOF MS
spectrum pattern
To verify whether different M. avium strains show similar
MS spectrum profile, we enrolled 27 clinical isolates oflinical Mycobacterium species. (AeD) The spectra of 12 clinical
production, including (A) slow-grower and pigmented without
r and nonpigmented, and (D) rapid-grower. The broken lines
um in (B). MALDI-TOF MS Z matrix-assisted laser desorption
210 C.-S. Lin et al.M. avium for MALDI-TOF MS analysis. Consistent with the
spectrum profile obtained from M. avium ATCC 700736
(Fig. 1A), eight clinical isolates of M. avium, including
A11-1, A16-1, A21, 31-1, 33, 49, 61, and 115, exhibited a
similar pattern, which comprises 16 common peaks ranging
from 5 kD to 20 kD ion m/z (Fig. 2). These 16 common peaks
of spectrum profile were also observed in the other 19 M.
avium clinical isolates (data not shown). Thus, we catego-
rize these 16 common peaks as Peaks 1e16 based on m/z
ratio, representing M. avium-specific MALDI-TOF MS spec-
tral profile (Table 1).Differentiation of M. avium from other
Mycobacterium species by MALDI-TOF MS
We next evaluated whether the MS spectrum profile ob-
tained from M. avium is capable of differentiating a variety
of Mycobacterium species. A total of other 12 clinical
Mycobacterium species were enrolled into MALDI-TOF MS
analysis with the same sample preparation and identifica-
tion procedures. Interestingly, in comparison with M.
avium, each of the other 12 clinical Mycobacterium species
displayed unique MS spectrum patterns characterized by
the different expression of 16 spectral peaks (Fig. 3). Based
on the expression profiles of 16 spectral biomarkers, we
provided species-specific MALDI-TOF MS spectral profiles,
which are capable of rapidly differentiating mycobacteria
at species level (Table 2). The spectrum patterns discov-
ered in this study can be further applied to MALDI-TOF MS
database for Mycobacterium species. Thus, the technique
of MALDI-TOF MS can be used as a first-line platform in the
rapid identification of M. avium as well as the other
Mycobacterium species in routine clinical microbiological
laboratories.Table 2 The MALDI-TOF MS spectrum profile of Mycobacterium
a The dark squares represent the spectrum peaks
species.
Mycobacterium species
No. of peaka
1 2 3 4 5 6
M. avium
M. scrofulaceum
M. gordonae
M. szulgai
M. flavescens
M. kansasii
M. simiae
M. intracellulare
M. tuberculosis
M. nonchromogenicum
M. fortuitum
M. chelonae
M. phleiDiscussion
Mycobacterium avium complex (MAC) infection has being
one of the most important opportunistic pulmonary in-
fections, and MAC was second only to Mycobacterium
tuberculosis as the most common mycobacterial clinical
pathogen in the USA.27,28 Among MAC consisting of M. avium
and M. intracellulare,29 M. avium is more prevalent in
clinical and environmental samples and contributes almost
exclusively to disseminated MAC disease in AIDS cases as
compared to M. intracellulare.30 Current routine pheno-
typic and biochemical methods still require a long identi-
fication process, even up to 2 months, and are incapable of
differentiating M. avium from M. intracellulare.6,14 Such
time-consuming and laborious procedures hamper proper
treatment of patients with respect to the different antibi-
otics and supportive treatments.30 In the present study, we
demonstrated that MALDI-TOF MS can be used in the rapid
identification of M. avium from other Mycobacterium
species.
MALDI-TOF MS has been increasingly applied to bacterial
and fungal identification31,32 and shown to be a reliable
technique in routine laboratory.33 Although few studies
have demonstrated the applicability of MADLI-TOF MS in
mycobacterial identification,34e36 the methods in sample
preparation remain to be validated. Saleeb et al36
suggested that protein extraction is preferred to avoid a
potential biohazard from airborne infection of live myco-
bacteria, but they experienced some limitations including
low spectral profile and poor discrimination in some Myco-
bacterium species. By contrast, both Lotz et al35 and El
Khe´chine et al34 developed a heat-inactive whole cell
analysis of MALDI-TOF MS and also validated the feasibility
and accuracy of their protocols. However, longer exami-
nation time, up to several hours, became a disadvantage inspecies
detected in the indicated Mycobacterium
7 8 9 10 11 12 13 14 15 16
Rapid M. avium identification by MALDI-TOF MS 211their proposed procedures. Our present study largely
shortens the examination time to 10 minutes and protects
laboratory staff from the biohazard from viable mycobac-
teria by physically disrupting intact cells and efficiently
reducing the use of centrifugation. More importantly, our
developed method is capable of differentiating clinically
important mycobacterial isolates and provides species-
specific spectrum profiles of MALDI-TOF MS.
In this study, only m/z peaks of <20 kDa were obtained.
This observation has already been pointed out by earlier
researchers.31 For example, results from previous studies
by Hettick et al20,21 and Pignone et al22 focused on the m/z
signals of <5 kDa for mycobacterial differentiation.
Possible causes for the absence of high m/z peaks from
direct MALDI-TOF MS studies of mixtures of microbe
chemicals have been proposed, including the low solubility
of high-mass cellular proteins and the low intrinsic ioniza-
tion efficiencies accompanying them.37 Besides, a high ion-
suppression effect arising from a surplus of lowm/z ions has
also been suggested to be responsible for this phenome-
non.38 Even so, a characteristic spectrum pattern obtained
in the range of 5e20 kDa m/z provides enough information
for the differentiation of various clinically relevant myco-
bacterial isolates at least in species level.
MALDI-TOF MS has the advantage of cross-laboratory
reproducibility of the conserved mass spectrometric fea-
tures. Incorporation of the obtained characteristic spec-
trum pattern into the established Mycobacterium database,
either NIH mycobacterial database or Bruker Daltonics
database, is able to expand the numbers of spectrum pro-
files of each Mycobacterium species. Our work largely in-
creases M. avium spectra numbers as well as other
Mycobacterium species. Furthermore, in combination
with automated spectrum pattern recognition software,
MALDI-TOF MS will become a feasible and high-throughput
examination platform in clinical microbiological labora-
tories. Besides, use of this technique for mycobacterial
identification at higher taxonomical level, such as serotype-
or strain-specific biomarkers, and antibiotic resistance
profiles within minutes was possible. For example, previous
researches defined three primary subspecies in M. avium,
including M. avium subsp. avium, M. avium subsp. para-
tuberculosis, M. avium subsp. silvaticum.39 Accordingly,
MALDI-TOF MS will be beneficial for discrimination of mixed
mycobacterial infection. In conclusion, our systematic
survey provides convincing evidence on the application of
MALDI-TOF MS to rapid and accurate identification of M.
avium. MALDI-TOF MS therefore can be used as first-line
routine microbial identification in clinical laboratories.
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